Working memory is a cognitive ability allowing the temporary storage of information to solve problems or adjust behavior. While working memory is known to mainly depend on the medial prefrontal cortex (mPFC), very few is known about how cortical information are relayed subcortically. By its connectivity, the lateral habenula (lHb) might act as a subcortical relay for cortical information. Indeed, the lHb receives inputs from several mPFC subregions, and recent findings suggest a role for the lHb in online processing of spatial information, a fundamental aspect of working memory. In rats, in a delayed nonmatching to position paradigm, using focal microinjections of the GABA A agonist muscimol we showed that inactivation of the lHb (16 ng in 0.2 µL per side), as well as disconnection between the prelimbic region of the mPFC (mPFC/PrL, 32 ng in 0.4 µL in one hemisphere) and the lHb (16 ng in 0.2 µL in the lHb in the contralateral hemisphere) impaired working memory. The deficits were unlikely to result from motivational or motor deficits as muscimol did not affect reward collection or cue responding latencies, and did not increase the number of omissions. These results show for the first time the implication of the lHb in mPFC-dependent memory processes, likely as a relay of mPFC/PrL information. They also open new perspectives in the understanding of the top-down processing of high-level cognitive functions.
Introduction
Working memory permits the temporary storage and manipulation of information in order to adequately adjust behavior (Baddeley 2012) . It relies on the online processing of sensory information which, once used, becomes irrelevant and needs to be disregarded. In humans, working memory is mainly subserved by the dorsolateral prefrontal cortex (dlPFC; Zanto et al. 2011 ). More specifically, in humans it has been shown that during working memory processing distinct and parallel pathways, cortico-cortical and cortico-subcortical-including the thalamus and basal ganglia-contribute to the maintenance of items, the cortico-cortical pathway requiring an update of the memory load, the cortico-subcortical pathway not (Ekman et al. 2016 ).
Anatomically and functionally, the dlPFC corresponds in rodents to the medial prefrontal cortex (mPFC) (Uylings et al. 2003) . Lesion or reversible inactivation of the mPFC, and more particularly of the prelimbic (PrL) region, impairs working memory (Seamans et al. 1995; Ragozzino et al. 1998; Horst and Laubach 2009; Kesner and Churchwell 2011 , for a review, Liu et al. 2014) . Physiologically, since the seminal demonstration by Fuster and Alexander (1971) , sustained neuronal firing within the mPFC is suggested to represent a correlate of working memory (see also Baeg et al. 2003; de Saint Blanquat et al. 2010; Liu et al. 2014 ; see Curtis and Lee 2010 for a review). However, there is still debate about the role of the mPFC in working memory, some arguing that, rather than being involved in the short-term maintenance of information, its function is in fact to continuously monitor behavioral outcomes (Gisquet-Verrier and Delatour 2006; Horst and Laubach 2012) .
As said above, if the role of the mPFC in working memory has been demonstrated, very few is known about the subcortical circuits subserving such function. The lateral habenula (lHb) appears like a plausible subcortical actor as it receives afferents from the mPFC, including the PrL region, as shown in monkeys (Cavada et al. 2000; Chiba et al. 2001 ) and rats (Vertes 2006; Kim and Lee 2012) . Importantly, it has recently been implicated in spatial working memory through cholinergic mechanisms (Sanders et al. 2010) , and in other mPFCdependent executive functions such as subjective decision making (Stopper and Floresco 2013) and flexibility (Baker et al. 2015 (Baker et al. , 2016 . Also, the lHb represents a main input to mesencephalic dopaminergic regions (Omelchenko et al. 2009 ) and modulates the activity of the dopaminergic system (Matsumoto and Hikosaka 2007; Lecourtier et al. 2008; Lammel et al. 2012; Stopper et al. 2014) . This is particularly relevant as dopamine is crucially involved in working memory (Clark and Noudoost 2014; Arnsten et al. 2015) . Finally, we have recently shown the implication of the lHb in encoding and retrieval of spatial information, but not in its consolidation (Mathis et al. 2015) , suggesting its key role in online information processing, one of the key aspects of working memory performance.
Based on the above-described literature, we postulated that the lHb was involved in working memory and that one of its possible roles was to relay top-down mPFC information for adjusting behavior to previously acquired information. We therefore investigated in rats the role of the lHb and of the mPFC/PrL-lHb pathway in working memory, using reversible inactivations through microinfusions of the GABA A agonist muscimol within the lHB or the mPFC/PrL. The role of the mPFC/PrL-lHb pathway was investigated using a disconnection procedure consisting in the inactivation of the mPFC/PrL in one hemisphere combined to the inactivation of the contralateral lHb (Fig. 1E) . Such a procedure enables to explore the role of a specific pathway connecting 2 structures (see for example Chudasama et al. 2003 and Ghods-Sharifi 2006) . To tax spatial working memory, we used an operant delayed nonmatching to position (DNMTP) paradigm (Fig. 1A,B) (adapted from McAlonan et al. 1995 and Warburton et al. 1997) . By essence, working memory is transient so that maintained information will be operational on a given trial but not subsequently (Dudchenko 2004) . In rodents, a classical way to challenge working memory is to increase the delay between the presentation and the recall of information, with a paradigm such as the DNMTP test used in the current study.
Materials and Methods

Animals
The study was performed with 15 male Long-Evans rats (Janvier Labs). They weighted 220-230 g (2 months old) at their arrival at the laboratory and were 4 months old at the end of the study. They were singly-housed with ad libitum access to food and water and given 7 days to acclimatize to the laboratory in a room with a 12-h light/dark cycle (lights on at 07:00 AM) before being habituated to being handled by the experimenter for a week. Food restriction was then started so that the rats' body weight was progressively reduced to approximately 90% of its within the mPFC (C) and the lHb (D); numbers indicate anteroposterior coordinates in mm from Bregma. (E) Schematic representation of the mPFC/PrL-lHb disconnection. In one hemisphere (here the right) the lHb cannot receive information from the inactivated mPFC/PrL, whereas in the other hemisphere (here the left) the mPFC/ PrL cannot send information to the inactivated lHb, resulting in a massive decrease of information transfer between the 2 structures. Dark-gray ovals arbitrarily portrait the extent of the inactivation whereas dark-gray lines represent intact (continuous) or altered (dashed) mPFC/PrL information flow. (F) Intact mPFC/PrL functions are required for efficient performance of the DNMTP paradigm as mPFC/PrL inactivation induced marked impairments. Results are represented as mean (±SEM) percentage of correct responses during the test phase according to the different delays. **P < 0.01 versus Veh; && P < 0.01, free-feeding value. During the course of the study, the amount of food given to the rats was continuously adjusted in order to follow their natural weight-gain curve. 
DNMTP Task
Rats were initially given access to food pellets in their home cage (10 pellets per day during 3 consecutive days) to familiarize them with the future reinforcer. Each rat was placed in the same chamber throughout the experiment and testing always occurred between 09:00 and 12:00 AM. In a first training phase, rats were placed in their chamber for 15 min with the houselight off and the panel of the magazine removed to maintain the food magazine open. This magazine was filled with 15 food pellets. In a second phase, rats received food magazine training sessions (20 min per session) in which 20 food pellets were delivered according to a variable time schedule (mean: 60 s). The house-light was turned on during this phase. On the first session, the panel of the magazine was removed. For all other sessions, rats needed to push away the panel in front of the food magazine to retrieve the food pellets. During these 2 phases, each hole was blocked by a metal cover. In the third phase, the central hole was accessible and illuminated for the whole duration of the session (maximum duration 30 min). Every time the rat made a response (nose-poke) toward the illuminated hole, a food pellet was delivered in the magazine. This training was continued until the rats made 50 nose-pokes in a session. Then, rats were trained in the DNMTP task. The task was based on a modified version of those performed in similar 9-hole operant chambers (e.g., McAlonan et al. 1995; Warburton et al. 1997) . Among the 9 holes, 2 pairs were selected, holes 1 and 7 (pair 1) and holes 2 and 8 (pair 2), all other holes remaining blocked by metal caps during the whole study. Rats received 1 session per day comprising 48 trials. Each trial began (Fig. 1B) with a 10-s interval (intertrial interval [ITI] ), after which one hole was illuminated (sample phase). If rats did not respond within 10 s (sample omission), the hole was extinguished and the house-light was turned off for a 5-s period. After this period, the house-light was turned on and the next trial began. A response into the illuminated hole extinguished the sample hole and was rewarded with the delivery of one food pellet. Rats had to push the panel to collect this pellet and this magazine entry initiated the delay phase. At the termination of the delay, 2 holes were illuminated (including the sample hole) and rats were required to make a response in the other location than that presented in the sample phase (nonmatching rule; test phase). A response in the correct hole extinguished the 2 holes and was rewarded, and the next trial began. Response in the wrong hole (incorrect response) or failure to respond during the test phase (10 s; test omission) were followed by a period of darkness (5 s). After this period, the houselight was turned on and the next trial began. Rats were first trained with no delay between the sample and the testing phase. After 3 consecutive days with at least 80% of correct response, the delays were introduced. Rats were trained with the version of the task including delays until they reached stable performances (i.e., 3 consecutive sessions with no significant between-session differences). Four delays were used between the sample phase and the test phase: 0, 2, 4, and 8 s. Among the 48 trials, an equal number of 4 different trials was randomly presented, that is, sample cue in hole 1 or 7 or 2 or 8 and correct response in hole 7 (among 7 and 1) or 1 (among 7 and 1) or 8 (among 8 and 2) or 2 (among 8 and 2) during the test phase, respectively. Therefore, each one of the 4 combinations was presented 12 times, 3 at each delay. An efficient way to successfully perform the task was to, once used to complete a given trial, disregard the information concerning the previous trial; this indeed represented the best way to avoid interferences and perform at a good level during the task. To diminish the effects of the previous trial (proactive interference) and to reduce the attentional load of the task, long ITI and stimulus duration (10 s each) were chosen. With the paradigm used in the present study, the use of a mediating strategy to respond correctly (such as position strategy or body orientation, see for example Chudasama and Muir 1997) was limited by the fact that, after the sample phase, rats were required to turn away and press the magazine panel on the opposite side of the chamber before turning again to face the holes. The following variables were scored and analyzed for each session: the number of sample omissions; the latency to collect the food pellets during the sample phase; at each delay, the number of correct and incorrect responses and the latencies to respond for both correct and incorrect responses. The percentage of correct responses was calculated at each delay as follows: number of correct responses/number of correct and incorrect responses × 100.
Surgical Procedures
When rats had reached steady performance, as described above, they were put back to an ad libitum food regimen for 4 days before being subjected to surgery. Rats were anesthetized by an intraperitoneal administration of a mixture of ketamine (82.5 mg/kg) and xylazine (11 mg/kg) and placed within a stereotaxic apparatus (flat skull). Lidocaine (0.1 mL, subcutaneously) was injected at the incision location. Once the holes were drilled, rats were bilaterally implanted with stainless-steel 26-gauge guide cannulae 1 mm above the lHb (anteroposterior [AP], −3.9 mm from Bregma; mediolateral [ML] , ±0.7 mm; dorsoventral [DV] , −3.6 mm from dura) and 1 mm above the mPFC/ PrL (AP, +3.3 mm from Bregma; ML, ±0.7 mm; DV, −2.2 mm from dura). Guides, in which 29-gauge dummy cannulae were inserted, were secured to the skull and 4 stainless-steel screws with dental cement. Rats were administered an antibiotic (amoxicilline, intramuscularly), a painkiller (meloxicam, subcutaneously), and given a 10-day recovery period. Following this recovery period, rats were put back under food restriction and after 2 days they were retrained until stable performances were reached.
Drug and Microinfusion Procedures
The GABA A agonist muscimol was dissolved in artificial cerebrospinal fluid (aCSF) (in mm: NaCl, 145; KCl, 2.7; MgCl 2 , 1.0; CaCl 2 , 1.2) to a concentration of 0.08 µg/µL. The volumes microinfused were as follows: lHb, 0.2 µL per side; mPFC/PrL, 0.4 µL/ side. Control treatments consisted in the microinfusion of the same volume of aCSF (vehicle condition). Therefore, the total amount of muscimol infused was 16 and 32 ng per side within the lHb and the mPFC/PrL, respectively (those doses were used according to previous studies from the laboratory; lHb, Mathis et al. 2015; PrL, Cholvin et al. 2013) . Rats were first habituated to being manipulated. They were microinfused either treatment within the lHb (over 60 s, 0.2 µL/min) and/or the mPFC/PrL (over 80 s, 0.3 µL/min). Once the microinfusion terminated, the infusion cannulae were left in place for an additional 30 s before being removed and the dummy cannulae were reinserted. Testing started 30 min after the microinfusion. The introduction of such a delay, allowed by the long duration of action of muscimol (at least 2 h; see for example Arikan et al. 2002 and Edeline et al. 2002) was chosen in order to avoid any detrimental effect of a possible stress consecutive to the microinjection procedure.
Rats performed all the experiments, which were conducted in the following order: 1) mPFC/PrL inactivation; 2) lHb inactivation; 3) mPFC/PrL-lHb disconnection; 4) unilateral mPFC/PrL inactivation; 5) unilateral lHb inactivation and 6) ipsilateral mPFC/PrL-lHb inactivation. For all experiments, we used a within-subject design as follows: following 2 days of treatmentfree testing with steady baseline performances, half of the rats received muscimol, while the other half received vehicle as the control condition (the 2 treatment groups were composed so that there were no statistical differences in terms of percentage of correct responses at each delay during the 2 preceding treatment-free testing days; data not shown); on the next 2 days, rats were again tested treatment-free, and on the following day they underwent the second treatment session while treatments were counterbalanced. To minimize the number of microinfusions in each structure, the side of infusion was counterbalanced, when possible, between the 2 treatment sessions. Thus, during the mPFC/PrL-lHb disconnection experiments, if rats received vehicle in the right mPFC/PrL and left lHb, they received muscimol in the left mPFC/PrL and right lHb, and reciprocally. Similarly, during the experiments addressing the effects of unilateral lHb or mPFC/PrL inactivation, and ipsilateral inactivation, rats received vehicle in one hemisphere and muscimol in the other. Such protocol allowed to reliably test our animals with identical baseline performance throughout the whole study (Supplementary Figs 4 and 5) .
Histology
Following the last experiment, rats underwent a bilateral microinfusion of an Evans blue-containing muscimol solution in the lHb and the mPFC/PrL (see Supplementary Material). Following intracardiac perfusion of phosphate-buffered saline (PBS, 0.1 M) and then 4% paraformaldehyde-PBS solution (4°C), brains were removed, postfixed in the same fixative (pH 7.4; 4°C, 2 h), transferred into a 20% sucrose-PBS solution (4°C, 48 h) and subsequently frozen. Serial 40-μm-thick sections were cut in the coronal plane at −22°C and collected on gelatin-coated slides. Only rats showing Evans blue restricted to both targeted structures were kept (n = 10; Fig. 1C ,D and Supplementary Fig. 2 ). The remaining 5 rats had injection sites located ventrally to the lHb, within the thalamic region; they were included in a "thalamus" control group (see Supplementary Fig. 3 ).
Data Analyses
All data are presented as mean + and/or -SEM. When possible, individual performances are shown, represented by white circles; because of partial or complete overlap, the number of circles visible can be smaller than the total number of rats. All analyses were performed with the Statistica software package (StatSoft Inc -Dell, Tulsa, OK, USA, v12). For each experiment, memory performances (percentage of correct responses) were analyzed by means of 2-way ANOVAs with delay (4 levels) and treatment (2 levels) as the repeated measures. The number of sample omissions and the latencies were analyzed by means of paired t-test. The reliability and strength of the within-subject design of our study was tested, first, by comparing the performances of rats under vehicle of all experiments using a 2-way ANOVA with delay (4 levels) and experiments (6 levels) as the repeated measures and, second, by comparing, for each experiment, the performances during the control condition (vehicle) with those during the treatment-free session preceding the first treatment session and the treatment-free session preceding the second treatment session by means of 2-way ANOVAs with delay (4 levels) and session (3 levels) as the repeated measures (see Supplementary Material). Multiple comparisons (Fisher LSD) were performed, even in the absence of a significant interaction when the figure suggested possible differences, as advocated by Howell (1992) . At each delay, the percentage of correct responses was compared with chance level (50%) using t-tests. Values of P < 0.05 were considered significant.
Results
Intact mPFC/PrL Functions Are Required for Efficient Performance of the DNMTP Paradigm mPFC/PrL inactivation induced marked impairments as shown by a significant effect of treatment (F 1,9 = 16.71, P < 0.01) and delay (F 3,27 = 33.54, P < 0.001) with no significant treatment × delay interaction despite a tendency (F 3,27 = 2.66, P = 0.067) ( Fig. 1F ; see also Supplementary Fig. 6A ). Post hoc analyses showed that muscimol decreased performance at the 0-s and 2-s delays (P < 0.01 vs. vehicle for each comparison). Performances under vehicle remained above chance level at the 0-s (t 9 = 15.92, P < 0.01), 2-s (t 9 = 7.28, P < 0.01), and 4-s (t 9 = 2.37, P < 0.05) delays, whereas those under muscimol remained above chance level only at the 0-s delay (t 9 = 2.94, P < 0.01). mPFC/PrL inactivation did not alter the number of omission to sample cues (Table 1) .
lHb Inactivation and mPFC/PrL-lHb Disconnection Impaired Working Memory lHb inactivation impaired working memory as shown by a significant effect of treatment (F 1,9 = 8.11, P < 0.05; Fig. 2A ; see also Supplementary Fig. 6B ) and delay (F 3,27 = 29.57, P < 0.001), with no significant treatment × delay interaction (F 3,27 = 0.86, n.s.). Post hoc analyses showed that muscimol decreased performance at the 2-s (P < 0.05 vs. vehicle) delay whereas there was a tendency for a decrease at the 4-s delay (P = 0.06). Performances under vehicle remained above chance at the 0-s (t 9 = 13.37, P < 0.01), 2-s (t 9 = 5.26, P < 0.01), and 4-s (t 9 = 2.76, P < 0.05) delays, whereas those under muscimol remained above chance level at the 0-s (t 9 = 6.23, P < 0.01) and 2-s (t 9 = 2.68, P < 0.05) delays. lHb inactivation did not increase the number of omissions to sample cues (Table 1) . mPFC/PrL-lHb disconnection markedly reduced the temporal capacity to store relevant information as shown by a significant effect of treatment (F 1,9 = 9.16, P < 0.05) and delay (F 3,27 = 13.78, P < 0.001) and a significant treatment × delay interaction (F 3,27 = 11.28, P < 0.001) ( Fig. 2B ; see also Supplementary Fig. 6C ). Muscimol decreased performance at the 0-s (P < 0.001 vs. vehicle), 2-s (P < 0.001 vs. vehicle) as well as the 4-s (P < 0.05 vs. vehicle) delays. Under vehicle rats performed above chance level at the 0-s (t 9 = 12.29, P < 0.01), 2-s (t 9 = 6.15, P < 0.001), and 4-s (t 9 = 3.43, P < 0.01) delays, whereas under muscimol only at the 0-s (t 9 = 3.63, P < 0.01) delay. mPFC/PrL-lHb disconnection did not impact on the number of omissions to sample cues (Table 1) .
Consequences of Unilateral mPFC/PrL, Unilateral lHb, and Ipsilateral mPFC/PrL-lHb Inactivations
It is important, when using a disconnection design, to investigate the consequences of the unilateral inactivation of each region separately, in order to be able to conclude that the deficits resulting from the disconnection cannot be attributable to any of the unilateral inactivation taken separately. Experiments including unilateral inactivations led to a significant effect of treatment (unilateral mPFC/PrL: F 1,9 = 21.02, P < 0.01, Fig. 3A ; see also Supplementary Fig. 6D ; unilateral lHb: F 1,9 = 8.16, P < 0.05, Fig. 3B ; see also Supplementary Fig. 6E ) and delay (unilateral mPFC/PrL: F 3,27 = 31.31, P < 0.001; unilateral lHb: F 3,27 = 41.03, P < 0.001) with no significant interaction (unilateral mPFC/PrL: F 3,27 = 0.76; unilateral lHb: F 3,27 = 3.27). Following unilateral mPFC/PrL inactivation, such an effect of treatment was explained by the fact that muscimol decreased performance at the 0-s and 2-s delays (P < 0.05 vs. vehicle in each case), whereas following unilateral lHb inactivation, muscimol decreased performance at the 2-s delay (P < 0.01 vs. vehicle). Noteworthy, performances under vehicle and muscimol treatments remained above chance level at the 0-s (unilateral mPFC/PrL: t 9 = 8.00, P < 0.01; unilateral lHb: t 9 = 20.84, P < 0.01), 2-s (unilateral mPFC/PrL: t 9 = 4.96, P < 0.01; unilateral lHb: t 9 = 10.80, P < 0.01), and 4-s (unilateral mPFC/PrL: t 9 = 2.93, P < 0.05; unilateral lHb: t 9 = 4.36, P < 0.05) delays.
Ipsilateral mPFC/PrL-lHb inactivation led to a significant effect of treatment (F 1,9 = 11.12, P < 0.01, Fig. 3C ; see also Supplementary Fig. 6F ) and delay (F 3,27 = 17.51, P < 0.001) with no significant interaction (F 3,27 = 0.40). Such an effect of treatment was explained by muscimol decreasing performance at of correct responses during the test phase according to the different delays. **P < 0.01, *P < 0.05 versus Veh; && P < 0.01, the 0-s (P < 0.001 vs. vehicle), 2-s (P < 0.001 vs. vehicle), and 4-s (P < 0.01 vs. vehicle) delays. Performances differed from chance at all but the 8-s delay under both treatment conditions (at least P < 0.05). None of these inactivations impacted on the number of omissions to sample cues (Table 1) . Finally, as said above treatments were counterbalanced between sides during experiments including unilateral or ipsilateral inactivation, so that some rats received muscimol unilaterally in the right or left lHb and mPFC/PrL or ipsilaterally in the right or left hemisphere; when we performed the analysis with side as a factor no significant effect of this factor, and no interaction with the other factors, was found for each experiment.
If impairments were present following unilateral and ipsilateral inactivations, the latter likely representing the cumulative impairments of the unilateral inactivations, it is important to notice that they were not as important as those following mPFC/PrL-lHb disconnection as inactivated rats still were able to perform above chance level at all but the 8-s delay, unlike disconnected rats, revealing preserved working memory capabilities. Comparative analysis of performances under muscimol following both unilateral inactivations and these following mPFC/PrL-lHb disconnection (2-way ANOVA with delay [4 levels] and experiment [3 levels] as the repeated factors) gave a significant effect of delay (F 3,27 = 28.73, P < 0.001) and experiment (F 2,18 = 4.05, P < 0.05); post hoc analyses showed that performances following each unilateral inactivation were significantly better than those following mPFC/PrL-lHb disconnection (P < 0.05 for each comparison) whereas there were no differences between performances following both unilateral inactivations (P > 0.9). If the impairments following lHb unilateral inactivation, even given their low magnitude, were quite surprising, those following mPFC/PrL unilateral inactivation were less. It can be seen in Figure 1F that bilateral mPFC/PrL inactivation induced impairments as important as those following mPFC/PrL-lHb disconnection, demonstrating that mPFC/PrL functions are important for the DNMTP paradigm; the impairments seen following unilateral mPFC/PrL inactivation further suggest that both hemispheres are requested in order to successfully perform a working memory task.
Analyses of Latencies to Collect the Food Pellets and to Respond to the Test Cues
Latencies to collect the food pellets following a response to the sample cues are presented in Table 2 as the mean of all latencies under each treatment condition. There were no statistical differences whatever the experiment. Latencies to respond, either correctly or incorrectly, during the 10 s of test cues presentation are shown in Table 3 . Latencies were separately analyzed for each delay because some animals did not make either correct or incorrect responses at certain delays and/or under certain treatment conditions, so that it was not possible to perform a 2-way ANOVA with Delay and Treatment as repeated measures. Therefore, the numbers (n) in Table 3 correspond to the number of animals that presented correct or incorrect responses under each treatment condition, so that a comparative analysis could be performed. For each rat, the latency included in the analysis corresponded to the mean of all latencies at a given delay, to make either correct or incorrect response(s). Overall, there was no impact of treatment on the latencies to respond, either correctly or incorrectly, during the test session. The only exception was found during the mPFC/ PrL inactivation experiment when muscimol increased latencies to make correct responses at the 0-s and 4-s delays. Also, one can notice in Table 3 that latencies at the 0-s delay were overall longer than those at the longer delays (as already described in a similar paradigm, see Chudasama and Muir 1997;  analyses not shown). A plausible explanation for such a fact is that, because the delay was started as soon as rats pushed the magazine panel to collect the reward after they responded to the sample cue (see Fig. 1B ), in the case of the 0-s delay the test cues were lit immediately; therefore, the increased latencies likely represent the time taken by the rats to consume the pellet and turn back to face the holes before responding to the test cues. According to the other delays, as the test cues were lit 2, 4, or 8 s later, latencies were shorter likely because rats were already attending to the cues-or had already started to turn back to face the holes-after having searched for and consumed the pellet delivered during the sample phase.
Discussion
The major findings of the present study are that lHb inactivation as well as mPFC/PrL-lHb disconnection disrupted working memory, suggesting the yet unsuspected importance of the lHb and of the mPFC/PrL-lHb pathway in the short-term maintenance of spatial information. Importantly, such deficits were unlikely to reflect motor, motivational, or attentional alterations as muscimol did not impact on parameters such as the number of omissions to the sample cues, and the latencies to collect the food pellets or to respond to the test cues. The deficits were also unlikely to result from a spread of muscimol within surrounding regions (see Supplementary Material).
The DNMTP Paradigm Depends on the Appropriate Functioning of the mPFC/PrL
The marked deficits following mPFC/PrL inactivation strengthen the view that the rodent mPFC/PrL, which is presented as sharing homologies with the dlPFC of humans or primates (see review Uylings et al. 2003) , plays an important role during the short-term storage of information. This result is consistent with the presence of working memory-related cellular activity in the mPFC (e.g., Baeg et al. 2003) , as well as the occurrence of working memory deficits in spatial paradigms following its inactivation in rodents (Izaki et al. 2001; Wang and Cai 2006; Horst and Laubach 2009 ) (see also lesion of the dlPF in monkeys: Funahashi et al. 1993) . Importantly, mPFC/PrL inactivation seems to have preserved the memory of task rules as performances remained above chance at the 0-s delay, suggesting that only the working memory aspect of the task was altered following mPFC/PrL inactivation.
The lHb is Involved in Working Memory
The deficits resulting from lHb inactivation confirm its involvement in spatial working memory (Sanders et al. 2010) . Importantly, these deficits occurred without obvious alteration of the motivation to search for the reward, a finding similar to previous demonstration that lHb inactivation does not prevent rats from being engaged in the search of a reward (Stopper and Floresco 2013) . It could be argued that, given the well-known role of the lHb in the coding of negative motivational signals (Matsumoto and Hikosaka 2009; Hikosaka 2010) , the deficits occurred because rats became insensitive to negative outcomes, that is, the absence of the reward in the case they made an incorrect choice. We believe that this is unlikely because in that case we would have seen, if not a disinterest for the task, at least the occurrence of random choices, so that performances would not be different from chance at all the delays. This is clearly not what happened as performances following lHb inactivation remained above chance level at the 2 first delays (see Fig. 2A ). Therefore, although rats made a certain amount of errors, each resulting in the absence of reward, they still were able to adjust their behavior. Also, our paradigm included 2 phases, the first one (sample phase) being to respond to a single cue in order to initiate the test phase; as this sample phase was also rewarded, it is likely that insensitivity to negative outcome would result in an important increase in the number of omissions. This was not the case as there were no statistical differences in terms of sample omissions between the vehicle and muscimol treatments (see Table 1 ).
Interestingly, we have recently shown using a water maze paradigm taxing spatial reference memory that the lHb was involved in encoding and retrieval, but not consolidation, of spatial information (Mathis et al. 2015) , suggesting its particular involvement in online, as opposed to offline, information processing. Such hypothesis appears strengthened by the present results. One plausible assumption when considering such a cognitive paradigm is that the lHb is involved in working memory through its connection with the dopaminergic system; this is consistent with the well-documented role of dopamine in working memory, especially at the level of the mPFC and the basal ganglia (Murty et al. 2011; Arnsten et al. 2015; Xing et al. 2016) . Indeed, the lHb sends direct projections to the ventral tegmental area (VTA) as well as to the GABAergic rostromedial tegmental nucleus, which is a source of inhibitory inputs to VTA dopamine neurons (Omelchenko et al. 2009; Bernard and Veh 2012; Gonçalves et al. 2012; Lecca et al. 2012; Quina et al. 2015) . Further, the lHb modulates the activity of dopamine neurons ( Lecourtier et al. 2008; Lammel et al. 2012; Stopper et al. 2014) , as well as cortical dopamine release (Lecourtier et al. 2008) . One can postulate that the lHb, by a fine balance of direct excitation/indirect inhibition, participates in the regulation of dopamine release in the mPFC upon task demand. The lHb could also participate in the tuning of dopamine release toward basal ganglia where dopamine has been shown to act during working memory paradigms (Clatworthy et al. 2009; Landau et al. 2009 ). However, other neurotransmitters such as noradrenaline (Ramos and Arnsten 2007) are involved in working memory. Although there is yet no known direct projection from the lHb to the locus coeruleus, the lHb modulates noradrenalin release, including in the mPFC (Cenci et al. 1992) . Therefore, it is also possible that the lHb is involved in working memory by finely balancing noradrenaline, in addition to dopamine, in the mPFC (Xing et al. 2016) .
Anatomically, besides the mPFC, both the dorsal (Yoon et al. 2008) and intermediate-to-ventral (Floresco et al. 1997; Izaki et al. 2001; Wang and Cai 2006; Spellman et al. 2015) parts of the hippocampus are involved in spatial working memory. Interestingly, we (Goutagny et al. 2013 ) and others (Aizawa et al. 2013) have shown that the lHb likely communicates with the hippocampus as both structures show coherent oscillatory activities at theta frequency; therefore, it is possible that the lHb participates in working memory processing also by interacting with the hippocampus to process information related to the spatial location of the cues. Finally, the lHb projects to the reuniens nucleus (McKenna and Vertes 2004) whose role in working memory has been demonstrated (Layfield et al. 2015) , so that the role of the lHb in working memory might be to modulate thalamic, in addition to mPFC and basal ganglia functions.
Involvement of the mPFC/PrL-lHb Pathway in Working Memory
To address the involvement of the mPFC/PrL-lHb pathway in working memory, we pharmacologically disconnected these 2 structures. Such method allowed to efficiently alter the direct flow of information from the mPFC/PrL to the lHb, at least ipsilaterally, as there remained sparse projections from the mPFC/ PrL to the contralateral lHb (Kim and Lee 2012 and see Supplementary Material) . The striking finding of the present study is that not only the mPFC/PrL-lHb disconnection induced working memory deficits, but that the latter were of the same magnitude as those following bilateral mPFC/PrL inactivation, revealing the importance of such mPFC/PrL-lHb pathway for working memory performance. Such deficits could not be accounted for by inactivation of the structures taken separately as their unilateral inactivation-as well as the combined ipsilateral inactivation of the mPFC/PrL and the lHb-led to only marginal deficits. These results strongly suggest that during a working memory task the lHb represents a relay of mPFC/PrL information, revealing an unsuspected route for top-down cortical information. Considering that the mPFC is involved in the spatial representation of information during delayed response tasks taxing working memory (Funahashi 2013) , a role for the lHb could be to relay mPFC information related to such function, as a previous study from our laboratory suggested that the lHb was particularly involved in the online processing of spatial information.
Such information, as suggested above, might be transmitted to cathecholaminergic and/or thalamic structures more particularly needed for efficient short-term storage of information.
It would be interesting, by performing multiple recordings, to assess whether the lHb is included in the network, comprising the mPFC and the VTA, which is synchronized at 4 Hz, suggesting a high level of communication between those structures, during a working memory paradigm (Fujisawa and Buzsáki 2011) . However, the need for the mPFC/PrL to use the lHb as a relay toward mesencephalic dopamine neurons could be questioned as mPFC neurons form synapses onto VTA dopamine neurons, including those which project back to the mPFC (Carr and Sesack 2000) , suggesting that the mPFC could directly modulate the dopamine system during a working memory task. As previously discussed (e.g., Geisler and Trimble 2008; Hikosaka 2010) , the lHb is a node of inputs from both the limbic system and the basal ganglia, and is viewed as an integrative center of numerous cortical information (Geisler and Trimble 2008) . The lHb is involved in the coding of the motivational valence of sensory inputs (Matsumoto and Hikosaka 2009 ) and of reward-prediction error (Bromberg-Martin and Hikosaka 2011) as well as in the anticipation of reward (Bromberg-Martin et al. 2010) , mainly by relaying information from the basal ganglia toward the dopamine system. Interestingly, D'Ardenne et al. (2012) have postulated that the role of dopamine in working memory was to concomitantly provide prediction error and gating signals to the mPFC in order to update representations of task context. Although the influence of all these processes has not been systematically tested in DNMTP paradigms, they are certainly useful to efficiently conduct such a task. For us it is in that respect the lHb appears like a useful integrator of information coming from the mPFC/PrL, but also from the basal ganglia, to participate, once those information are all computed, to the selection of the most adapted behavioral strategy.
Finally, impairments resulting from a disconnection procedure involving 2 structures sharing unidirectional projection are generally attributed to the alteration of this direct pathway; however, the possibility that such deficits were the consequence of the disturbance of a di-synaptic pathway cannot totally be ruled out. This would involve one structure being intercalated between the mPFC/PrL and the lHb and transmitting mPFC/PrL information to the lHb. Such structure(s) could be the ventral pallidum (VP) and/or the nucleus accumbens (NAc), both of which project to the lHb and are involved in working memory (VP: Floresco et al. 1999; Zhang et al. 2005; NAc: Seamans and Phillips 1994) . mPFC/PrL Inactivation and mPFC/PrL-lHb Disconnection Induce Deficits as Early as the 0-s Delay Noteworthy, deficits following both mPFC/PrL inactivation and mPFC/PrL-lHb disconnection occurred as early as at the 0-s delay, when the memory load is minimal-but still present-, although performances remained above chance at this delay. This deficit could reflect disturbances including non-mnemonic processes such as discussed elsewhere (Dunnett 1985; Chudasama and Muir 1997) and suggest that the mPFC/PrL-lHb pathway is involved in more complex processes than simply working memory. The possibility of non-mnemonic disturbances appears particularly relevant considering the involvement of the mPFC in executive functions in general, which include attention, the representation of goals, behavioral inhibition, planning, or decision making (Dalley et al. 2004; Robbins and Arnsten 2009; D'Esposito and Postle 2015) . However, such a global alteration of executive functions seems unlikely in our study as under muscimol rats were engaged in the task and responded to the cues such as they did under vehicle treatment. Although we have not properly assessed attentional capacities such as others using a different task (Chudasama and Robbins 2004) , one possibility is the occurrence of deficits of attention that could have been overcome by the long duration of cues presentation (10 s). However, the fact that not only the number of omissions was not increased under muscimol, but that within the 10 s of test cues presentation, rats responded as fast as under vehicle (in both experiments around 3 s at the 0-s delay and in less than 2 s at the other delays, see Table 2 ) makes unlikely the presence of attention deficits.
The lHb, and to a larger extent the habenular complex, is an evolutionary conserved structure. Nonetheless, through evolution, while the habenular complex seems in mammals to have lost some features such as asymmetry (Concha and Wilson 2001; Amo et al. 2010) , it seems to have acquired a certain degree of complexity, with the presence, at least in rodents, of several distinct subnuclei (Geisler et al. 2003; Andres et al. 1999) . Further, Díaz et al. (2011) have noticed that in humans not only the size of the stria medullaris, which is the bundle carrying afferent fibers to the habenular complex, but also the size of the lHb itself had increased, in comparison with lower vertebrates; the authors suggest that this is due, throughout evolution, to the increase in size of habenular complex afferent structures such as the basal ganglia, and also most certainly the PFC, strengthening the view that in mammals the lHb has become a hub for basal ganglia and cortical information. Although most of the studies addressing the role of the lHb in brain functions have focused on its integration of basal ganglia inputs (Hikosaka 2010) , the deficits found in the present study following mPFC/PrL-lHb disconnection represent a first behavioral evidence that the lHb is also a relay of cortical information-as previously suggested (Geisler and Trimble 2008) and subserve PFC-dependent memory processes. Such finding opens new perspectives for the understanding of high cognitive functions and top-down cortical control; they also might help better understand pathologies such as depression, schizophrenia, drug addiction, and fronto-temporal dementia, which all include deficits of PFC-related cognitive functions and comprise alterations of the lHb (Aizawa et al. 2013; Lecca et al. 2014; Proulx et al. 2014; Bocchetta et al. 2015; Bernstein et al. 2016 ).
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